Fatigue performance of micro-scale pseudoelastic nickel-titanium (NiTi) wires was investigated under cyclic bending loading. The current findings demonstrated that the change from macroscopic to microscopic scale promotes the formation of the B19A phase and significantly hinders stabilization of the R-phase.
Introduction
One of the major concerns regarding the utility of NiTi shape memory alloys (SMAs) is their functional fatigue performance, where cyclic loading brings about deterioration of pseudoelasticity, shape memory effect, damping capacity, and significant changes in phase transformation temperatures. 1) Specifically, residual stresses and changes in the microstructure stemming from irreversible deformation induced by fatigue due to vacancy formation, grain boundary sliding or dislocation motion alter the phase transformation capability, and thus, the shape memory characteristics of the alloy. 2) Numerous works have been undertaken addressing the fatigue problem in SMAs, which mostly focused on establishing fatigue lives for various strain amplitudes.
311)
Part of these efforts was dedicated to the cyclic bending response of NiTi alloys, which is of significant importance in micro electro-mechanical systems and biomedical applications, where bending or twisting constitute the major loading modes. For instance, micro-pumps used in drug delivery, micro-grippers utilized in endoscopes and micro-sensors designed for detecting cancer are subject to bending loads at relatively high frequencies. 12) NiTi stents placed into femoral, coronary and carotid arteries, and the aorta constitute other examples to biomedical applications subject to complex cyclic loading, including bending stresses. 13) In order to ensure the reliability of NiTi SMAs under such conditions, functional properties, such as recoverable strain, pseudoelasticity and shape memory properties of NiTi SMAs were thoroughly investigated. 11, 14, 15) While many of these studies were restricted to the macroscopic scale, the works focusing on SMA thin films considered uniaxial tensile or compressive loading scenarios only.
1618) However, despite the continuously increasing demand for the utility of SMAs in microand nano-scale applications, a thorough investigation of the cyclic bending response of at these small scales has not been undertaken yet, which constitutes one of the major motivations of the current work.
It has been demonstrated that a material's response at the nano-or micro-scale can deviate from that at the macroscopic scale, warranting a detailed investigation of the cyclic response of SMAs under bending prior to their utility in any of the aforementioned applications. To the best of the authors' knowledge, such an investigation is not available in the literature, however; evidence on the effect of scale difference on the material behavior has been forwarded for other metallic materials. For instance, copper (Cu) thin films exhibited a lower Young's modulus but higher yield and ultimate tensile strengths than their bulk counterparts under cyclic tensile loading. 19) Similarly, persistent slip bands (PSBs) were prevalent in bulk Cu and gold (Au) samples upon deformation whereas they were absent in Cu and Au thin wires. Specifically, the existence of PSBs and the extrusions on these PSBs lead to local increases in the stress field, and thereby formation of several crack initiation sites. 20) Thus, their absence in the case of thin wires resulted in improved fatigue performance.
In the current study, cyclic deformation response of microscale pseudoelastic nickel-titanium (NiTi) wires was investigated under bending. A thorough set of mechanical experiments and transmission electron microscopy (TEM) analyses were carried out in order to uncover the microstructural effects of the change from macroscopic to microscopic scale on the observed fatigue performance. The current findings constitute a step forward towards the utility of safe and reliable small-scale equipment benefiting from the pseudoelastic property of NiTi alloys.
Materials and Methods
The micro-scale cyclic pseudoelastic response and the corresponding microstructure evolution of a NiTi alloy containing 50.7 at% Ni were investigated. Geometrically uniform micro-scale samples were obtained by chemical etching of commercially available pseudoelastic NiTi wires with a diameter of 3.5 mm. The initial 1 m long NiTi wires were obtained by extrusion of the injection molded slabs, which were fully annealed at 450°C. The austenite start and austenite finish temperatures were specified as ¹10 and +5°C. The NiTi wires were then sliced into 3 cm long pieces for the etching process.
The chemical etching was carried out in two stages, such that a solution with a HF : HNO 3 : H 2 O ratio of 1 : 4 : 5 was utilized initially to quickly reduce the diameter to about 200 µm, followed by a slower rate of etching in HF : HNO 3 : H 2 O with a ratio of 1 : 5 : 20 to ensure a uniform diameter along the longitudinal axis of each sample. In the current study, the diameter of the smallest geometrically homogenous wires was 35 µm (Fig. 1, inset 1 ). One end of the samples was clamped between two aluminum plates, and a commercial force sensor driven with 5 V DC supply was placed on an x-y-z-ª positioning stage to apply the load (Fig. 1, inset 1) . The effective length for each sample, i.e. the distance between the clamp and the point of loading was 8 mm. The sensor operates on the principle of differential capacitance measurement as a result of the motion of its shuttle. 21) Its output voltage and the specific sensor gain were multiplied to determine the magnitude of the applied force in Newton. Moreover, each step of loading and unloading was recorded by a camera connected to an optical microscope, such that the displacements measured in pixels could be converted to µm. The experiments were carried out at an intermediate strain rate of 5 © 10 ¹4 1/s in order to avoid rate effects.
Results and Discussion
Low-cycle fatigue experiments were carried out on 35 µm thick NiTi micro-wires with a maximum displacement of 2.5 mm (Fig. 1) , such that the applied strains could be restricted within a range large enough to observe the change in hysteresis and small enough to allow for gradual progress of plastic deformation under cyclic loading. Accordingly, the width of the stressstrain hysteresis decreases, the amount of irreversible strain increases, and the stress levels of the forward and reverse transformation plateaus decrease concomitant with the progressing cyclic loading. The corresponding hysteresis widths are depicted on Fig. 1 for the intermediate loading level indicated by the dashed line. The values are nearly 1000 µm, 200 µm and 140 µm for the increasing order of number of cycles. One should note that the curves have irregular shapes, however; the same shapes were evident in all companion experiments, eliminating the possibility of scatter in data. Indeed, these observations agree well with the previous findings of work on CuAlNi pillars 22, 23) and wires, 24) and NiTi micro wires. 25) Specifically, consecutive compressive loading of the CuAlNi pillars and wires led to the narrowing of hysteresis. 2224) In the case of NiTi micro wires subjected to cyclic loading, both the hysteresis decreased and the irreversibility increased with progressing cyclic deformation. 25) In the current set of results, these effects are more apparent at earlier stages, and saturation is observed with increasing number of cycles, which is important in terms of the utility of cyclic deformation to stabilize pseudoelasticity. 26) These initial observations of the current study on the microscopic scale samples also stand in good agreement with the results of experiments conducted on macroscopic samples.
2628) However, the decrease in the stress hysteresis is more pronounced for the current case when compared to macroscale results on similar materials. 2629) Specifically, the narrowing of stress hysteresis was significant (about 30%) following 100 cycles of deformation in [321]-oriented macroscale NiTi single crystals, where the average size of the Ti 3 Ni 4 precipitates was 10 nm. 28) Despite the fact that the precipitate size is very close to 10 nm in the current material as well, the narrowing effect on hysteresis is even more substantial (about 80% after 256 cycles). Moreover, this lower narrowing of hysteresis was observed after cyclic investigations on macroscale polycrystalline NiTi samples, where pseudoelastic behavior still remained following 50 cycles, 29) while the loading-unloading curves are almost overlapping each other after 256 cycles in this study. In addition to the difference in hysteresis behavior, the amount of residual strain after cyclic deformation is much lower at the microscale than it is in macroscale experiments. 1, 29) It has been previously demonstrated that stress-induced martensite formation is associated with the phase transformation stresses, resulting in a decrease in stress levels with increasing number of fatigue cycles. 30) In the current experiments, the irreversible strain, which increased concomitant with the number of cycles, constitutes the evidence of plasticity associated with stress-induced martensite formation: following 1024 cycles, there is residual plastic strain which cannot be recovered by unloading the sample (Fig. 1, inset 2) .
Microstructural evolution of the samples was investigated with TEM. The TEM samples were extracted from locations as close as possible to the mid-plane of the wire. Interestingly, the selected area diffraction (SAD) pattern presented in Fig. 2 demonstrates that the initial material had undergone a two-step B2 ¼ R-phase ¼ B19A austenite-tomartensite phase transformation prior to the experiments. 31) It is well known that precipitates play a key role in phase transformation since they constitute ideal nucleation sites for the B2 ¼ R-phase transformation. 28, 32) It has been previously demonstrated that the R-phase nucleates at the Ni 4 Ti 3 precipitates and grows into the matrix, whereas the B19A phase nucleates at the grain boundaries and propagates into the R-phase and grain interiors. 32, 33) The B2 ¼ R-phase transformation elicits a narrow hysteresis and brings about superior functional fatigue resistance owing to the relatively small transformation strain of about 1%. 34) On the other hand, the R ¼ B19A phase transformation exhibits a strain of the order of 10%. 35) This difference between the transformation strains stems from the corresponding difference in volume changes taking place during the B2 ¼ R ¼ B19A and B2 ¼ B19A phase transformations. 36) The introduction of the R-phase leads to significant thermodynamical changes in the NiTi alloys. 36) Normally, the B19A phase is energetically more stable than the B2 phase below the temperature at which martensitic transformation starts. However, the B2 ¼ R-phase transition alters the thermodynamic balance of the system, such that the free energy of the R-phase becomes smaller than that of the B2 below the R-phase transition temperature, and depending on the amount of phase transformation, it may be smaller or larger than the free energy of the B19A. As a result, it is possible to have R-phase stabilized over B19A, which results in different microstructure and mechanical response. In contrast to macro-scale samples, the B2 ¼ R-phase transformation is mostly suppressed in the micro-scale samples, and thus, only a small amount of stabilized R-phase was observed in the microstructure of the current samples.
This could be further explained by another important observation, such that a critical grain size was prevalent for B19A formation during deformation in the current material (Fig. 3) . The smallest B19A grain was about 30 nm in size, which is smaller than the 50 nm reported in literature. 37) This smaller critical grain size reveals that B19A nucleation is enhanced at the micro-scale. On the other hand, the amount of R-phase over the whole sample was calculated as less than 0.2%, which supports the argument of enhanced B19A nucleation. A similar observation was reported for nanoscale NiTi pillars subjected to compression, where the Rphase was absent in the presence of demonstrated pseudoelasticity. 38) This implies that, as the diameter is reduced to the sub-micron level, the aforementioned effects of the Rphase would also be eliminated, such that the non-linearity of the pseudoelastic behavior is prevented, the elastic modulus becomes smaller, and temperature dependency can be lessened. 34, 39) Moreover, reduction of the average grain size would also improve the homogeneity of the microstructure, and thus, the overall fatigue performance of the material.
It should also be noted that the R-and B2 phases possess different crystal structures: trigonal and cubic, respectively. 33) Consequently, the resulting stacking sequence of B19A phases are different upon R ¼ B19A and B2 ¼ B19A transformations even though the product phase is the same. 36) Due to the very limited amount of B2 ¼ R-phase transformation in the current samples, the resulting B19A grains have almost the same stacking order in both cases.
From the microstructural point of view, there are two major outcomes regarding the precipitates and B19A grains. First of all, the current deformed material features precipitates that fall within two different size ranges: 312 nm and 3050 nm (Fig. 3) , while the precipitate size of the undeformed material was 1030 nm. This outcome contradicts the findings in the literature for a NiTi alloy processed at very similar conditions to those of the current study, such that an average precipitate size of 1 nm was evident. 35) This difference is attributed to the increase in the density of dislocations and twins during cyclic deformation, which significantly increases the number of nucleation sites for Ti 3 Ni 4 precipitate formation. 31) There is an absence of dislocations around smaller precipitates whereas dislocation accumulation was observed around larger ones, as previously reported in the literature. 28) This implies that the recoverability of the pseudoelastic strain during cyclic loading can be improved by restricting the size of the precipitates during the initial processing of the material. In Fig. 3 , larger precipitates with average grain size around 50 nm are visible. These larger precipitates are the major cause of irreversibility of the strain as they constitute stress concentration sites, promoting irreversible plastic deformation and high dislocation density. This influential effect of increasing average precipitate size on irreversibility is in good correspondence with recent findings on the cyclic deformation response of micro-scale NiTi wires. 25) In particular, the cyclic irreversibility increased with increasing average precipitate size, where this irreversible strain was attributed to dislocation slip imposed by cyclic deformation as evidenced by the absence of martensite in the fatigued microstructure. 25) Another point of discussion is the incomplete reverse transformation upon unloading evidenced by the presence of twinned martensite (Fig. 4) and enlarged Ni 4 Ti 3 (Fig. 3) precipitates in the microstructure. Specifically, this irreversibility is associated with the restriction of the martensitic transformation, which is implied by an increase in the residual strain, leading to strain hardening with increasing number of cycles. Furthermore, the restricted martensitic transformation yields a significant reduction in transformation hysteresis (Fig. 1) . The underlying mechanism of hysteresis reduction with increased deformation is consistent with the previous observations on NiTi and NiTiCu. 29) Specifically, as cyclic deformation proceeded residual strains increased (Fig. 1) , hindering the transformation straining capability of the microstructure. This eventually leads to a decrease in the critical stress for martensitic transformation with ongoing cyclic deformation, which results in a narrower hysteresis (Fig. 1). 
Conclusions
Overall, the current findings clearly demonstrate that the cyclic bending response of the NiTi alloy leads to a scaledependent microstructure evolution and pseudoelastic properties. Specifically, deformed samples exhibited significant irreversible strains, partially owing to the increased dislocation density observed around large precipitates. In addition, the change from the macroscopic to the microscopic scale has also been shown to favor the formation of B19A over the stabilized R-phase.
